In pathological situations, different modes of cell death are observed, and information on the role and uptake of nonapoptotic corpses is scarce. Here, we modeled two distinct forms of death in human Jurkat T cells treated with staurosporine: classical apoptosis under normal culture conditions and programmed death with necrotic morphology under ATP-depleting conditions (necPCD). When offered to phagocytes, both types of cell corpses (but not heat-killed unscheduled necrotic cells) reduced the release of the proinflammatory cytokine TNF from the macrophages. The necPCD cells were efficiently engulfed by macrophages and microglia, and from mixtures of necPCD and apoptotic cells macrophages preferentially engulfed the necrotic cells. Using a newly developed assay, we demonstrated that phosphatidylserine is translocated to the surface of such necrotic cells. We demonstrate that this can occur independently of calcium signals, and that surface phosphatidylserine is essential for the uptake of necrotic cells by both human macrophages and murine microglia.
Introduction
Phagocytosis is a key feature of programmed cell death with vast implications for tissue integrity and tissue turnover. [1] [2] [3] Since removal of dying cells and cell debris is essential for the survival of multicellular organisms, this task can be taken over by an armada of different cells, ranging from hepatocytes, mesangial cells and fibroblasts to professional macrophages derived from blood monocytes or residing in the brain, that is, microglia.
Programmed cell death (PCD) can take multiple forms and pathways. 3 Apoptosis, for instance, involves activation of the evolutionarily widely conserved proteases of the caspase family. Apoptosis is the biochemically and morphologically best-defined form of programmed cell death (PCD), 4, 5 and the mechanisms of phagocytic recognition are best studied for apoptotic cells. Membrane alterations cause the presentation of recognition molecules, which are normally masked or restricted to the inner membrane. 6 The usually asymmetrically distributed phospholipid phosphatidylserine (PS), for example, is randomized across the lipid bilayer during apoptosis and thus exposed on the cell surface. This may be due to either a loss of the ATP-dependent aminophospholipid translocase activity and/or enhanced transbilayer movement of phospholipids, sometimes enhanced by a Ca 2 þ -dependent phospholipid scramblase or possibly the action of ABC1/ Ced7. 7, 8 Subsequently, PS may serve as a trigger for recognition by various receptors on macrophages such as the PS receptor (PSR) or CD14 9 to initiate the ingestion of the cell corpses. 10 In contrast to the phagocytosis of microbes, the uptake of apoptotic cells commits macrophages to release anti-inflammatory factors, such as TGFb, 11, 12 and to inhibit the secretion of proinflammatory mediators such as TNFa. 11, 12 A similar PS translocation as in apoptosis has been demonstrated in many instances of apoptosis-like PCD, although caspases are not required here (reviewed in Leist and Jaattelra 3 ). [13] [14] [15] Much less information is available for cell death with necrotic morphology. Uncontrolled necrosis is a passive death process. It typically occurs following exposure to high concentrations of endogenous or exogenous toxins, heat treatment, freeze thawing or other immediately disruptive insults. 3, 16 Leakage of noxious contents from necrotic cells can cause injury to the surrounding tissue and initiates the activation or potentiation of proinflammatory responses. Morphologically similar to, but mechanistically different from, necrosis is necrotic PCD. 3 As apoptosis, necrotic PCD relies on defined intracellular mechanisms such as AIF activation, 17 cathepsin activation, 15 RIP activation on death receptors 18 or control by Bcl-2. 19, 20 Sometimes, apoptosis, for example, by staurosporine (STS) treatment or CD95 (Fas, Apo-1)-ligation, can be converted into necrotic PCD when cells are devoid of energy production [20] [21] [22] or when caspases are inhibited. 23 We have also shown that various types of necrotic/nonapoptotic cells may be removed relatively quickly following membrane lysis. 13, 24 However, little is known about phagocytic recognition of necrotic cells, for instance, because conventional annexin V staining methods cannot discriminate between PS on the outer and inner leaflet of lysed cells. In the present study, we developed a method to show that necrotic PCD can involve the exposure of PS on the surface, which may then serve as a major recognition signal for their rapid removal by macrophages. Furthermore, we show that phagocytosis of necrotic PCD corpses occurs rapidly, and as efficient as with apoptosis targets. Necrotic PCD, unlike necrosis, blunted the secretion of proinflammatory mediators, and thus might provoke only limited inflammation and damage to the surrounding tissue. All essential data obtained in a human macrophage-based model were consistently reproduced throughout with murine microglia-like cells.
Results
Effect of different types of cell corpses on macrophage TNFa secretion Some nonapoptotic cells can be phagocytosed similar to apoptotic cells. 13, 24 The uptake of apoptotic cells can actively suppress the secretion of proinflammatory mediators such as TNFa by activated macrophages. 11, 25 Here we examined whether TNF suppression might also be affected by nonapoptotic cells. We used the previously characterized experimental systems of human monocyte-derived macrophages (HMDM) or murine microglia-like BV-2 cells exposed to Jurkat cells undergoing different types of cell death. Incubation of macrophages with Escherichia. coli particles resulted in a massive production of TNFa. Jurkat cells were challenged with STS to undergo apoptosis under normal metabolic conditions. Such apoptotic cells retained their plasma membrane integrity for 4-5 h, 13 that is, throughout the entire period of the experiments. As expected, TNF production was attenuated by apoptotic cell, and left unaffected by heat-killed necrotic cells (nec II) or by healthy cells. Target cells with necrotic morphology, but PCD history (nec I; ATP-depleted plus STS), suppressed TNF as effectively as apoptotic cells (Figure 1a+b ). We also examined whether the effect on macrophages was affected by the age, and possibly secondary changes, of the cell corpses. For this purpose, the different cell populations were incubated with HMDM for 18 h, before they were washed and the inflammatory stimulus was added. Modulation of the TNF response was not different from the 2 h incubation experiment. Furthermore, we closely examined the basic proinflammatory effects of the different corpses on BV-2 cells. Apoptotic and nec I cells had no effect at all on basic TNF release, while nec II cells showed a consistent, but very low (TNF o100 pg/ml) proinflammatory effect. Basal TNF release on HMDM was in all instances under the lower detection limit. Taken together, these data imply that not all necrotic cells behave in the same way, and some may exert anti-inflammatory effects on macrophages. This may not necessarily be only due to the specific surface changes, but necrotic cells may further modulate the antiinflammatory effect of PS by the release of HSP70, 26 proteases, 27 or lipid mediators acting on PPAR-gamma or the liver X receptor. 28 The interaction of nec I cells (in the following for simplicity just called necrotic) with macrophages was followed further.
Competition between apoptotic and necrotic cells for phagocytosis
Necrotic cells might be recognized via the same recognition molecules as apoptotic cells 29 and compete with apoptotic cells for uptake by macrophages in pathological situations where they co-occur. 16 To analyze this, we expanded our previously developed phagocytosis assay 13 by additionally labeling the target cells with the cell impermeant DNA-dye SYTOX shortly before co-culturing with HMDM. This third fluorescent parameter allows the distinction between phagocytosed cells that had intact membranes at the time point of uptake from those whose membranes were perforated; or in other words between cells that were apoptotic or necrotic in a mixed experimental system. Apoptotic cells were mixed with necrotic cells in various ratios and presented to HMDM for phagocytosis. The amount of necrotic, ingested cells was determined by quantitating green (SYTOX-positive, necrotic) ingested cells. Surprisingly, the prevailing ingested type of cell was SYTOX-positive already at low amounts of necrotic cells in the mixture (Figure 2a ), arguing for a predilection of HMDM for necrotic cells with lysed membranes.
In a further set of experiments, we included a constant number of Fast Blue-labeled apoptotic Jurkat cells in the phagocytosis assay and added varying quantities of unlabeled necrotic cells. Interestingly, the uptake of apoptotic cells markedly decreased in the presence of even small amounts of necrotic cells, further indicating a preference of macrophages for necrotic cells (Figure 2b ).
To demonstrate in more detail that the double-labeled cells were indeed ingested by macrophages, we examined the phagocytosis qualitatively by confocal microscopy. Both apo and nec cells could be detected by their blue fluorescence inside HMDM on a single cell basis (Figure 3 ). In addition, necrotic cells could be spotted by the green fluorescence, originating from their SYTOX-stained DNA (Figure 3 ). This expansion of the assay clearly permits the distinction of necrotic from apoptotic cells within phagocytes by confocal scanning. 
Role of PS in recognition of necrotic cells by macrophages
We investigated the factors that are involved in the efficient recognition and phagocytosis of cells dying by necrotic PCD. Since PS exposure is the most striking and abundant surface change on apoptotic cells and many forms of apoptosis-like PCD, 3 we also examined whether necrotic cells with lysed plasma membranes are recognized via PS by macrophages. To test this, HMDM were incubated with pure phosphatidylcholine (PC)-liposomes or PC-liposomes enriched with PS, 30 min prior to co-culture with Jurkat target cells. Jurkat cells were induced to undergo necrosis by ATP depletion and exposure to STS or treated with ionomycin to induce PS exposure with otherwise normal appearance as a positive control. 13 The phagocytosis of both kinds of Jurkat cells was almost completely prevented by competitive action of PS-but not PC-liposomes (Figure 4a ). To further test this PS dependency, phagocytic meals were incubated with recombinant annexin V prior to their co-incubation with HMDM to mask PS molecules on their surface. Ionomycin-treated and necrotic cells pretreated in such a way were almost completely refused by HMDM, which further points to a PSdependent uptake ( Figure 4a ).
Identical experiments were performed with the murine microglia cell line BV-2 instead of HMDM. Here, apoptotic cells were used as a positive control, since BV-2 cells are not capable of ingesting ionomycin-treated Jurkat cells. Inhibition of the PS-recognition pathway almost completely blocked the uptake of necrotic cells (Figure 4b ). However, the phagocytosis of apoptotic cells by BV-2 seems to depend only to a minor extent on the recognition of PS, as described previously for other cells. [30] [31] [32] There might, however, still be the possibility that also PSindependent recognition pathways are involved in the recognition and ingestion of necrotic cells by HMDM. Therefore, we tested additional well-characterized recognition systems. Although pretreatment of macrophages with RGDS or antibodies against CD36 or CD14 could partially inhibit the uptake of apoptotic cells, all inhibitors were ineffective in inhibiting the uptake of cells dying by necrosis in this system ( Figure 4c ). We also used antibody mAB217 against the PSR for blocking experiments with HMDM. Up to 100 mg/ml had no significant inhibitory effect, compared to, for example, 10 mg/ ml anti-CD14. Upon blockage of PSR on BV-2 cells, we observed a 2077% reduction of phagocytosis at 100 mg/ml, but no significant effect at 10 mg/ml.
Real-time observation of PS-dependent uptake of necrotic corpses
Consistently, throughout this study necrotic cells appeared to be taken up more efficiently than apoptotic or ionomycintreated cells. To gain proof about this unexpected observation, we followed the fate of necrotic Jurkat cells directly by time lapse microscopy. Jurkat cells induced to undergo necrotic PCD were quickly taken up by BV-2 ( Figure 5a , b, video 1 þ 2). However, when treated Jurkat cells were preincubated with recombinant annexin V to mask their surface PS, they were for the most part rejected by PS exposure on the outer surface of lysed necrotic cells
The question remains open as to whether necrotic cells in fact display PS on their outer surface. Therefore, we developed an assay that specifically detects PS on the outer membrane of cells. Following labeling with annexin V coupled to biotin, cells were incubated with streptavidin-coated magnetic beads. These beads have a size of 2.8 mm in diameter, thus being excluded from cells, even when their plasma membranes are perforated ( Figure 6b and controls in methods). Separation of PS-surface-positive from -negative cells was achieved in a horizontal magnetic field, herein referred to as PS-surface MACS (MACS; magnetic cell sorting). Examination of ionomycin-treated and necrotic Jurkat cells for PS-surface exposure by this method revealed that both kinds of cells were highly positive (Figure 6a ). When the assay was carried out in a Ca 2 þ -free buffer or in the presence of recombinant annexin V as competitive inhibitor for annexin V-biotin, the separation was abolished, demonstrating that this assay is specific for PS labeling by annexin V (Figure 6a) .
As a further control, the surface expression of apoptotic and prenecrotic cells was compared. Jurkat cells treated with STS (apo) were highly positive, whereas ATP-depleted prenecrotic (intact plasma membrane) and control cells were not (Figure 6c ). This confirmed earlier data obtained by conventional annexin V-FITC staining. 13 These experiments indicate that necrotic cells may also expose PS on their surface, but only after membrane lysis, and that this serves as a major recognition molecule for their phagocytosis by macrophages. We also incubated heat-treated (nec II) cells with PSliposomes or PC-liposomes and observed a selective block of uptake by PS. Thus, also unscheduled necrotic cells can be taken up in a PS-dependent manner.
Modulation of PS exposure on lysed necrotic cells
Upon necrosis, large amounts of extracellular Ca 2 þ enter cells, and scrambling of phospholipids can be promoted by already small increases in [Ca 2 þ ] i . 33 In order to investigate if Ca 2 þ is required for PS exposure on lysed cells, a variety of treatments were applied that induce necrotic cell lysis under Ca 2 þ -free conditions. A problem with this approach is that both phagocytosis and PS-surface MACS require the presence of Ca 2 þ . Therefore, cells were fixed very rapidly in paraformaldehyde (PFA) after exposure to death-triggering conditions. Surface PS was then analyzed on these fixed cells. In initial studies we tested whether cells challenged to expose PS on their surface by stimuli previously described preserve this asymmetry after fixation and are equally phagocytosed compared to nonfixed cells. PFA fixation of control, ionomycin-treated apoptotic or necrotic cells did not influence the state, detection of PS-surface exposure or phagocytosis by HMDM (Figure 7a ). It is important to note that PFA fixation is known to keep the lipid in place by lightly fixing the membrane, but not affecting the lipids themselves. Cells treated first with formaldehyde and then digitonin resemble typical necrotic cells on FACS (SYTOX permeable, calcein permeable, little changed scatter, good chromatin detection, no loss of mitochondrial mass, loss of mitochondrial and membrane potential). These cells were MACS -negative, that is, PS stayed inside and could not be stained despite membrane permeabilization (Figure 7b ). PS could be scrambled out by repeated freeze-thaw. Such cells still retained their overall structure as confirmed by microscopy and then became MACS-positive. Cells treated by the reverse protocol, first digitonin, then formaldehyde, looked morphologically absolutely similar, but were MACS-positive (Figure 7b ). To test whether PS exposure on lysed cells is a simple consequence of raised calcium or whether it can occur independently, Jurkat cells were subjected to a short and mild treatment with the detergent digitonin in Ca 2 þ -free conditions. 34 This treatment resulted in whole cells with perforated, but otherwise maintained, plasma membranes (490% SYTOX-positive). Such digitonin-treated 'necrotic' Jurkat cells were examined for PS-surface exposure and phagocytosis. Analysis of such cells by PS-surface MACS revealed that PS was present on their surface (Figure 7b) . Furthermore, digitonin-treated cells were readily taken up by HMDM. To exclude that this PS exposure is due to PFA fixation rather than to digitonin treatment, Jurkat cells were fixed in PFA before exposure to digitonin. These cells were negative for surface PS and failed to be ingested by HMDM (Figure 7b ), indicating that PS exposure can be provoked rapidly, but independent of calcium by digitonin in Jurkat cells.
As a second approach to elucidating the role of Ca 2 þ in necrotic PS exposure, necrotic PCD was induced under Ca 2 þ -free conditions. Cell lysis occurred at a considerably later time point compared to conditions when Ca 2 þ is present, that is, after 18 h most of the cells (X90%) were SYTOXpositive. Such Jurkat cells were rapidly fixed in PFA to prevent a secondary Ca 2 þ -induced PS exposure during assays. Also in this model system, cells were highly positive for surface PS, which correlated well with phagocytic uptake by HMDM (Figure 7b ). Taken together, these data imply that PS exposure and subsequent phagocytosis occur rapidly as a consequence of cell membrane permeabilization, but do not require Ca 2 þ influx. Thus, in some forms of necrosis, plasma membrane lysis by itself might be sufficient to initiate randomization of PS, while in other forms of necrosis, the associated degradative processes might be counteracting/ preventing this.
Discussion
In many pathological situations, apoptosis and necrosis occur simultaneously. The signals emanating from necrotic cells are of great interest, since different ways of recognition and uptake of dying cells have a major implication on immunological parameters. For instance, we showed here that the exact mode of necrotic death has an essential impact on the kind of immunological response of phagocytes. In fact, uptake of 'programmed necrotic' (ATP-depleted; lysed) Jurkat cells clearly inhibited the E. coli-induced TNFa secretion by HMDM to a comparable extent as the uptake of apoptotic cells. Heat-killed (unscheduled necrotic) cells, however, failed to inhibit the proinflammatory reaction by macrophages. This agrees well with earlier reports that such unspecific necrotic cells contribute to a proinflammatory milieu in many systems. 35, 36 It also fits with the report that the phagocytic machinery for the elimination of apoptotic cells is also utilized for the removal of some programmed necrotic corpses in C. elegans, 29 and that some necrotic cells are not proinflammatory. 37 Taken together, these data suggest that different forms of necrotic cell death alter inflammatory reactions by macrophages, and that a finer characterization of nonapoptotic death types will be important in the future.
But what determines the kind of response a dead cell triggers? It seems obvious that PS on necrotic cells could interact with the PSR when encountering phagocytic cells. Binding to the PSR is considered to provoke an antiinflammatory milieu 10 and this might consequently explain why certain lysed cells suppress proinflammatory responses by macrophages in this and other studies. 36 The removal of necrotic cell types might be less efficient, for instance, under conditions of massive tissue damage, associated with macrophage impairment and oxidative stress. 38 Corpses may then persist longer, and leak considerably more contents into the extracellular space than necrotic cells that are rapidly removed. More intriguingly, the intracellular contents of individual cell types might determine the kind of immune response they trigger, following lysis. Necrotic neutrophils, for instance, release proteases such as elastase, which degrades surface structures on macrophages including the PSR, thus abolishing anti-inflammatory reactions. 36 Other cell types such as lymphocytes (Jurkat cells), however, might contain rather small quantities of such preformed intracellular proteases and consequently fail to cause similar reactions. 36, 39 In addition, under conditions of heat stress, for instance, newly synthesized components of the stress response pathway, such as HSP70, might leak out of the cells following lysis, 40 and may then contribute to proinflammatory conditions. 26 Especially, different lipid metabolites have pronounced pro-or anti-inflammatory effects, which might play a role upon phagocytosis of necrotic material (LXR-ref) .
One key finding of our study is that in a head-to-head comparison within the same assay system, necrotic cells seemed to be preferred by HMDM over apoptotic cells and were removed more efficiently or more rapidly. This extends our previous observations giving first evidence of efficient removal of nonapoptotic corpses. 13 In further support of our finding, we also used another system of nonapoptotic death, LoVo36 cells incubated with HSP70 antisense, 24 where we left cells until they lysed. Also here the uptake was blocked by 85% by PS-liposomes, but not by PC-liposomes (data not shown). Although we cannot provide a molecular explanation for the observation of rapid necrotic cell removal, studies by others indicate that PS on necrotic cells might be highly oxidized, which accelerates their recognition. 41 A recent report suggested that the uptake of necrotic cells is not specified exclusively by PS exposure. 42 In that study, however, a rather artificial model of necrosis induced by hyperthermia was utilized. In contrast, the uptake of cells dying by a pathological relevant form of necrosis in our study appeared to depend predominantly on PS recognition. Inhibitors of this recognition pathway almost completely blocked necrotic cell uptake, and the dependence on PS recognition appeared to be more pronounced than even for classical apoptotic cells. One might speculate that loss of activity of the ATP-dependent aminophospholipid translocase, which moves PS from the outer to the inner leaflet in healthy cells, 43, 44 might account for a passive PS randomization in the membranes of necrotic cells. In fact, necrosis is frequently associated with impaired intracellular ATP levels. 21, 22, 45 Energy-deprived cells might contain just sufficient ATP (i.e. a residual ATP concentration o0.8 nmol/mg protein 21 ) to preserve the PS-membrane asymmetry. Shortly before lysis, ATP levels collapse completely and, consequently, PS is randomized between the inner and outer leaflet due to inactivity of the translocase.
One important question concerns timing of events. Cells can sometimes be rescued even after the death programe has been triggered. 1, 46 The 'point of no return' defines the step in the signaling/execution cascade, beyond which cells are irrevocably doomed. Phagocytosis itself might represent the decisive point of no return. For 'undecided' cells, it is thus essential to halt the display of phagocytosis markers until their demise is inevitable. For instance, ATP-depleted cells might remain for extended times in a slowed or haltered state of the death programe and might display PS just in the last moment when their deletion is unavoidable, that is, shortly before or at lysis. Notably, the rapid kinetics of PS exposure (minutes 47, 48 ) might be particularly useful for necrotic cell death, where a point of no return is not reached until the membrane breaks, and then requires a fast display of phagocytosis markers that are essential for the rapid removal of corpses.
Materials and Methods

Chemicals and antibodies
Octadecyl (C 18 ), indocarbocyanine (DiI) and Sytox were obtained from Molecular Probes (Eugene, OR); FITC-and biotin-conjugated annexin V were from Roche (Mannheim, Germany); recombinant annexin V and purified mouse anti-human CD36 monoclonal antibody were from Pharmingen (Heidelberg, Germany); and purified mouse anti-human CD14 monoclonal antibody clone RMO52 was from Coulter-Immunotech (Krefeld, Germany). mAB217 was a kind gift of Valerie Fadok from the National Jewish Medical and Research Center, Denver, Colorado. All other reagents were from Sigma (Deisenhofen, Germany), Merck (Darmstadt, Germany) or Riedel-de Haen (Selze, Germany).
Preparation of monocyte-derived macrophages
Human monocytes were isolated as described previously. 13 In brief, 250 ml of peripheral venous blood was drawn from a single volunteer. Citrate (0.31% w/v) was used as an anticoagulant. The blood was diluted 1.6-fold with phosphate-buffered saline (PBS; 2 mM NaH 2 PO 4 , 16 mM Na 2 HPO 4 , 150 mM NaCl (pH 7.4)) prior to centrifugation at 220 Â g at 201C for 20 min. The cell pellet was layered on a Percoll gradient (r¼1.077 g/ml) and the interphase containing the peripheral blood mononuclear cells (PBMC) was obtained following centrifugation at 800 Â g for 10 min. Cells were washed twice in elutriation medium (PBS, 2% heat-inactivated human AB serum, 2 mM EDTA, 5 mM glucose (pH 7.4)) prior to countercurrent centrifugal elutriation of the cells using a J2-MC centrifuge equipped with a JE-6B rotor. The monocyte-containing fraction was obtained at a flow rate of 39 ml/min and a rotor speed of 3000 rpm. Elutriated monocytes were plated at an initial density of 2 Â 10 5 cells/well on 48-well culture dishes. After 60 min at 371C, nonadherent cells were removed and the medium was exchanged for fresh RPMI 1640 containing 10% heat-inactivated human AB serum and antibiotics (penicillin, 5000 IU/ml; streptomycin, 5 mg/ml). Monocytes were differentiated to macrophages for 8-12 days in a volume of 0.5 ml/well on 48-well culture dishes. Medium was exchanged 5 days after plating and before experiments. HMDM were used for experiments between days 7 and 12 after plating.
Cell culture and treatments of Jurkat cells
Jurkat cells (human T-cell lymphoma, clone E6, ATTC No. TIB-152) and BV-2 cells (murine microglia cells, kind gift of Dr. Blasi, University Medical School Perugia, Italy 49 ) were propagated in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, antibiotics (penicillin, 10 000 U/ml; streptomycin, 10 mg/ml) and glutamine (2 mM). All experiments were performed in RPMI 1640 without serum. Apoptosis (apo) was triggered by addition of staurosporine (STS, 1 mM, 2 h). Treatment with ionomycin was performed by incubating Jurkat cells in annexin V-binding buffer (100 mM HEPES/NaOH (pH 7.4), 140 mM NaCl, 2.5 mM CaCl 2 ) containing ionomycin (2 mM) to achieve high [Ca 2 þ ] i -conditions. STStriggered necrosis (necrotic PCD, nec) was induced by treating Jurkat cells with STS under conditions of ATP depletion, which was achieved by incubating Jurkat cells in serum-and glucose-free medium for 30 min, following incubation for an additional 30 min in serum-and glucose-free medium in the presence of 2.5 mM oligomycin. 21 Rapid and mild lysis of Jurkat cells was performed as described recently. 34 Briefly, confluent Jurkat cells were centrifuged and resuspended in MSH buffer (210 mM Dmannitol, 70 mM sucrose, 10 mM HEPES, 0.2 mM EGTA, 5 mM succinate, 0.15% BSA) containing 100 mg/ml digitonin and incubated for 5 min on ice.
Jurkat cells were fixed before or after digitonin lysis by rapidly injecting the cell suspension into 10 ml of 2% paraformaldehyde (PFA, diluted in PBS (pH 7.4)) to avoid clumping. Following 10 min incubation at room temperature, the cells were washed in medium without serum. Quantification of apoptosis and necrosis was routinely performed by staining with a mixture of the cell-permeant chromatin dye H-33342 (blue, 0.5 mg/ml) and the membrane-impermeant dye SYTOX (green, 0.5 mM).
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Phagocytosis assay
Phagocytosis assays were performed as previously described. 13 In brief, phagocytic cells (HMDM or BV-2) were stained with DiI (2.5 mg/ml, 1 h) to visualize cell bodies. Treated or untreated Jurkat cells were prelabeled with Fast Blue (1 mg/ml, 5 h) and added to macrophages at a ratio of 10 (target) : 1, and phagocytosis was allowed to proceed for 1 h at 371C. In addition, for confocal imaging of phagocytosis assays, special cell culture plates were developed. Since macrophages require plastic surfaces for their differentiation in vitro, they were seeded on 48-well plates. Following phagocytosis, cells were fixed in 4% PFA (diluted in PBS (pH 7.2)) and the bottom of the wells was punched out from the plates, subsequently placed upside-down on a thin coverslip and monitored by confocal imaging through the glass coverslip.
Production of liposomes
PS and PC were obtained in chloroform at a concentration of 10 mg/ml. For PS-liposomes, a solution of 70 mol% PC and 30 mol% PS was prepared, whereas PC-liposomes consisted of pure PC. Chloroform (250 ml) was evaporated under a nitrogen stream for 10 min. The remaining lipid layers were subsequently dried in a vacuum for 12 h to remove chloroform remainders completely. The lipids were resuspended in 250 ml PBS at 751C and total lipid concentration was adjusted to 13.2 mM. Following incubation at 751C for 5 h under vigorous shaking, the lipid suspensions were sonicated at lowest energy with 1 pulse/s until the solution was clear. The liposomes were stored at 371C for up to 1 week and used at a final concentration of 425 mM lipid.
Time-lapse microscopy BV-2 were grown in four-well dishes (Greiner) to 40% confluence. For experiments, serum-free RPMI medium supplemented with 40 mM Hepes was used, and the culture dishes were equipped with a needle thermosensor and mounted on an electronically controlled heating block fixed on a microscope stage (3570.31C). Images were recorded by 40 Â Varell contrast microscopy (Axiovert-25, ZEISS) at 20-s intervals for 480 min at a resolution of 768 Â 576 pixels. The processed video sequences correspond to the pictures shown in Figure 5 . The number of video frames was reduced to a total of 200 for all sequences during the transformation into AVI format, and the replay speed is 30 frames/s, with every second corresponding to 30 min in real time.
PS-surface exposure by MACS
Following toxic challenge, 4 Â 10 6 Jurkat cells were centrifuged and resuspended in 100 ml annexin buffer containing biotin-linked annexin V (1 : 30) and incubated for 10 min at 251C. The cell suspension was then centrifuged, resuspended in 150 ml annexin buffer containing streptavidincoated magnet beads (5 mg/ml), transferred to a 1.5 ml reaction tube and incubated for 15 min at 251C. The tube was subsequently placed into a horizontal magnetic field using a magnetic particle concentrator (Dynal s MPC-S). Following 5 min incubation at 251C, the cell suspension was carefully transferred to a separate tube, while the cells that adhered to the magnetic surface were resuspended in annexin buffer. The two fractions were subsequently counted in a hemocytometer and the percentage of magnetically labeled (i.e. PS-surface-positive) cells was evaluated. For validation of the method, magnetic beads were reacted with (a) control cells, (b) ionomycin cells (intact plasma membrane, PS-positive), (c) apoptotic cells, late (lysed), (d) apoptotic cells and (e) necrotic cells (plasma membrane permeabilized for SYTOX or calcein). Cell pools were then analyzed by MACS and in parallel by microscopy. MACS showed PSpositive cells for b/c/d/e. A total of 200 cells for each condition were scored under the microscope. Data correlated 490% with MACS, and in none of all the scored cells was a magnetic bead observed at the inside of the plasma membrane. The experiment was repeated with 1 mm beads instead of the 2.8 mm beads. A total of 10 cells each were carefully scanned on the confocal microscope, and even here we never observed a bead inside a cell.
TNFa measurements
HMDM were cultured on 96-well plates (Primaria s ) at an initial density of 0.8 Â 10 5 cells/well. Following 1 week in culture, the medium was replaced by RPMI without serum. Jurkat cells were added to macrophages at a ratio of 5 (target cells) : 1 in serum-free medium, and removed following 2 h of incubation at 371C. E. coli particles were vigorously mixed and sonicated before they were added to HMDM. Following 17 h incubation at 371C, supernatants were taken and stored at À801C until analysis of TNFa contents. TNFa was measured by sandwich ELISA (Pierce, Rockford, IL, USA).
Statistical analysis
Phagocytosis experiments were run in quadruplicates and repeated in at least three cell preparations. Critical experiments were scored by an investigator blinded for the experiments. Statistical significance was evaluated from the original data using the Student's t-test. The Welch test was applied when variances were not homogeneous within the compared groups. A P-value of less than 0.05 was considered to be significant.
